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Progress, challenges and perspectives in flexible
perovskite solar cells†

Francesco Di Giacomo,‡ab Azhar Fakharuddin,‡cde Rajan Josec and

Thomas M. Brown*a

Perovskite solar cells have attracted enormous interest since their discovery only a few years ago

because they are able to combine the benefits of high efficiency and remarkable ease of processing

over large areas. Whereas most of research has been carried out on glass, perovskite deposition and

synthesis is carried out at low temperatures (o150 1C) to convert precursors into its final

semiconducting form. Thus, developing the technology on flexible substrates can be considered a

suitable and exciting arena both from the manufacturing view point (e.g. web processing, low embodied

energy manufacturing) and that of the applications (e.g. flexible, lightweight, portable, easy to integrate

over both small, large and curved surfaces). Research has been accelerating on flexible PSCs and has

achieved notable milestones including PCEs of 15.6% on laboratory cells, the first modules being

manufactured, ultralight cells with record power per gram ratios, and even cells made on fibres.

Reviewing the literature, it becomes apparent that more work can be carried out in closing the

efficiency gap with glass based counterparts especially at the large-area module level and, in particular,

investigating and improving the lifetime of these devices which are built on inherently permeable plastic

films. Here we review and provide a perspective on the issues pertaining progress in materials,

processes, devices, industrialization and costs of flexible perovskite solar cells.

Broader context
For a number of years, solar cells had been considered as an inferior energy technology due to high cost – even in the renewable energy paradigm; however,

more recently progress in materials processing and engineering of highly efficient and stable solar panels have helped them emerge as a frontline renewable

energy technology with energy payback time that has been lowered from over a decade to a couple of years (at least in some parts of the world) during the last

ten years. Commercial solar panels are typically manufactured on rigid platforms. Fabricating them on flexible substrates, such as transparent plastics and

metallic foils, would enable effective harvesting of energy in a number of diverse areas from indoor electronics to automobiles and from building integrated

photovoltaics to portable applications. Furthermore, it would open up web-based roll-to-roll fabrication conducive to massive throughputs. Solution

processable perovskite solar cells offer promising opportunities towards this end. Being these cells the most efficient among the solution processable ones,

with efficiency in their laboratory scale devices on par with the commercially available silicon and thin film counterparts, significant recent efforts devoted to

their manufacturing on flexible substrates have seen efficiencies rise as high as 15.6% together with moderate stability. We approach the developments in this

area by critically analyzing the factors affecting the final performance indicators such as efficiency, stability, and functionality and relate these to its processing

parameters. We identify the emerging processing trends in this area and critically comment on the needs to develop them as a deployable device.

1. Introduction

Energy harvesting remains one of the biggest challenges of

mankind for the future.1 Renewable energy sources, such as

solar and wind, need to take up an ever growing share of energy

demand which today is still largely fulfilled by fossil fuels.2 The

sun alone transfers B120 000 TW of power to the earth,

compared to the current global need of B17 TW.3 To harness

this potential, solar cell technologies are poised to shape future

energy trends.4 Photovoltaic (PV) installations worldwide

have surged from B805 MW in 2000 to B175 305 MW in
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2014 increasing from B0.1% to B9.6% of total renewable

energy installations respectively.5

PV devices can be classified in three types, first generation

PV (e.g. crystalline silicon), second generation thin film PV

(e.g. amorphous silicon, cadmium indium gallium selenide

(CIGS) and cadmium telluride (CdTe))6 and new generation

PV.7 Examples of the latter are dye-sensitized solar cell (DSCs),

organic photovoltaics (OPVs), quantum dot solar cells (QDSCs)

and, recently emerging, perovskite solar cells (PSCs).8–10 By the

end of 2015, silicon solar cells (wafer technology) dominated

taking up B90% of the PV market followed by B9% for thin

film counterparts.11 With power conversion efficiencies (PCE)

of commercial modules of around 20% (andZ25% in laboratory

cells12) and stability 420 years, c-Si has progressed in achieving

grid parity in well-sunlit regions.13–16 In fact their cost, partly

also due to the oversupply in market, has dropped significantly

from B70$ per WP in the 1970s to B0.7$ per WP in 2014.17

The energy payback time (EPBT) has also decreased to

B2.5–3 years.11

Although much R&D is trying to push numbers like cost per

Watt peak and energy pay-back time down further, it is the new

generation PV which is aiming for breakthroughs on that front

(e.g. EPBT o 0.5 years and cost o0.5$ per WP). In fact all new

generation PV technologies mentioned above are being devel-

oped with low-cost, large-area deposition techniques, cheap

materials and less-energy intensive processes. However, with

the strong progress made by c-Si in the last decade it is difficult

for new technologies aiming to enter the market to compete
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directly with c-Si on the conventional PV system market. Thus,

technologies such as DSCs and OPVs that have been researched

for over two decades, whilst demonstrating lower PCE (of the

order of 12–14% in laboratory cells), are now being developed

industrially to compete on markets where their added func-

tionalities can deliver properties which c-Si cannot easily, such

as transparency, color/shape control, high performance under

diffuse or indoor light, and flexibility,18 making them suitable

and very interesting initially for building-integrated, automotive

or for light weight portable or indoor applications.7

Perovskite solar cells are a much more recent PV discovery.

They have attracted huge interest because they promise to

combine the benefits of high efficiency (today above 20% on

small lab cells)19–23 and 11–13% over small module areas,24–26

and the remarkable ease of processing over large areas at low

temperatures typical of organic PV (i.e. for improved $ per WP

values and EPBT). PSCs were first reported in 2009 by Kojima

et al.,27 who employed hybrid metal halide perovskites

(CH3NH3PbI3 and CH3NH3PbBr3), previously used in optical

devices and field-effect transistors,28–30 to replace the organic

sensitizer in a DSC, and obtained a PCE B 3.8%. However,

presence of the liquid electrolyte dissolved the perovskite

crystals over time leading to a drastic degradation. Research

in PSCs showed a surge after reports by Kim et al.31 in 2012,

who replaced the liquid electrolyte with a solid-state hole

conducting material depositing the perovskite precursor over

the mesoporous TiO2 layer achieving a PCE of 9.7% and by the

research group of Prof. Snaith, who demonstrated that efficient

PSCs can be fabricated by substituting the mesoporous TiO2

with an insulating Al2O3 scaffold (PCE B 10.9%), or even without

any mesoporous structure (planar architecture, PCEB 12.3%).32,33

The research group of Prof. Gratzel, inspired by the pioneering

work of Mitzi et al.,33 demonstrated a sequential deposition

to produce pinhole free perovskite layer that showed a large

increase in PCE (B15%).34,35 The subsequent 3 years demon-

strated a dramatic rise in increasing the PCE of these devices,

with over 1500 publications reported to date, with the

optimization of materials, device architectures and interfaces,

resulting in PCEs 20–22%.19–23 Even though questions about their

outdoor stability, particularly when exposed to humidity,36–38

UV-light39 and high temperatures40,41 still need to be compre-

hensively answered, various commercial companies such as

Oxford PV, Dyesol, G24 power are actively involved in developing

large scale fully printable PSCs. Oxford PV has announced

its commercial roadmap with first delivery anticipated in

2017–2018 and investments of over Bd13 million in 2015.42

Such rapid push for industrialization, merely a few years after

their discovery, has been enabled primarily by the fact that

deposition and processing facilities that had been developed

for DSCs and OPVs can be implemented for PSCs since most of

the fabrication processes are similar.

PSCs have mostly been developed over glass substrates, both

as laboratory cells and as larger area modules.43,44 There has

also been interest, as a candidate for a possible initial com-

mercial deployment, in incorporating a top B1 mm thick

perovskite subcell in a tandem device with a silicon subcell or

a CIGS based thin film device in order to further reduce the

cost-efficiency balance of the technology.45 The tandem

configuration should be able to increase the PCE by 20%

(bringing it to over 30% in absolute terms)46 but the best

published reports are still well below this target.46–51

Apart from the high PCEs delivered, the key advantage of

this new PV technology consists in the possibility of relatively

simple processing of the perovskite precursors either via vapour

techniques or in solution (i.e. via printing techniques) requir-

ing low temperatures to convert into their final semiconducting

form (o150 1C).52 When low temperature processing is also

developed for the charge extraction layers, scaffolds (where

present) and electrodes, processing temperatures below the

150 1C threshold permit the fabrication of this solar technology

on transparent plastic films53 such as polyethylene terephthalate

(PET) or on conductive indium tin oxide-coated PET/ITO sheets

or rolls. Flexible conducting plastic films and metallic substrates

can be potentially made cheaper than the conducting glass

counterparts.54 Importantly, developing perovskite photovoltaic

module technology on thin flexible plastics permits rapid

web-based reel-to-reel manufacturing and potentially massive

product volumes and throughputs thus contributing to cutting

industrial costs.18

Developing the technology on plastics brings about a series

of non-trivial challenges and issues related to the nature

of the substrates which are not present on glass substrates

(i.e. distortions, low temperature processing only). The highest

reported PCEs of small flexible laboratory PSCs (f-PSCs) are,

in fact, still significantly lower than glass based PSCs, i.e.

14–15%55,56 with the highest being 15.4–15.6%.57 Nevertheless,

these values can be considered very promising as they are

significantly higher than other new technologies such as OPV

and DSC for which highest PCEs are in the 11–14% range even

when fabricated on glass.58,59 There is however ample scope to

close the glass–plastic gap in the future, especially regarding

the development of large area modules where the literature is

limited. Deployment of flexible PV technology is not only

motivated by the quest for high-throughput and low-cost

manufacturing but also by the markets it would be able to

access considering its properties (of being flexible, thin, light-

weight) would make it easy to integrate or apply on any surface

(e.g. BIPV, AIPV) or structure (either rigid, curved or flexible)

and even in portable and indoor electronics. Furthermore, one

can exploit its 3D conformability considering that over the

course of a day, curved cells outdoors have been shown to

deliver more energy over their footprint projected area com-

pared to flat ones.60

Here we review the progress in this exciting field related to

the development of flexible perovskite solar cells. Purpose of

the following Sections 2 and 3 is to provide a brief overview of

the PSCs and the current state of affairs of the flexible PV

technology for a better understanding of this article. Section 4

of this article provides an overview of the varied choice of

flexible substrates employed in the PV technology. Sections 5

and 6 review the literature on f-PSCs fabricated on transparent

conducting oxide TCO/plastic substrates with bottom electron
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or hole transport layers respectively. Section 7 covers TCO-free

device whereas Section 8 those manufactured on metal foils.

Section 9 describes efforts in upscaling the technology over

large areas and flexible modules. Section 10 extends the dis-

cussion to low temperature processing and deposition techni-

ques over large areas that are applicable to this technology.

Section 11 reviews the investigations carried out on stability

whereas Section 12 introduces some cost and life cycle analyses.

Section 13 provides a perspective on the publication and patent

output internationally over the years. Section 14 finishes with

conclusions and outlook.

2. An overview of perovskite solar cells
technology

Readers are referred to the ESI† of this article for an overview of

perovskite crystal structure, its optical and electronic proper-

ties, working mechanisms and different device fabrication

methods. More details can be found in many reviews published

on this topic.45,61–63 Briefly, perovskite stands for a class of

materials with crystal structure defined by ABX3, where ‘‘B’’

is 6-fold anion ‘‘X’’ coordinated, thereby making BX6 octahedra,

and ‘‘A’’ is another cation with 12-fold ‘‘X’’ coordination

(see Fig. S1, ESI†).45 Perovskites provide an array of physical

properties such as piezo-, ferro-, and pyro-electricity;64 the

range of electrical properties of perovskites is probably the

widest physical property exhibited by a single class of material

(from dielectrics to superconductivity). Most of the above are

purely inorganic (mostly oxides). Recently, hybrid perovskites

containing both organic and inorganic components in the unit

crystal have come to the fore showing remarkable performance

as semiconductors (solar cells, LEDs and even TFTs) when

integrated in optoelectronic devices as thin polycrystalline

films. Methyl ammonium lead iodide (CH3NH3PbI3) is the

organic–inorganic hybrid perovskite under focus for the PV

applications due to its desirable band gap (1.55 eV),61 its high

absorption coefficient (103 cm�1) and low exciton binding

energy allowing the film thickness to be o500 nm to collect

most of the incident light (see Fig. S2, ESI†),45 and high

electron- and hole-diffusion lengths (up to 175 mm for single

crystals) enabling even planar heterojunction configurations.65

Perovskite crystal structure also offers diversity to accom-

modate various chemical entities (either atoms or atomic

groups) meeting size and charge balances such as Cs+

and formamidinium CH(NH2)2
+ at the A-site, other halogens

(e.g. Br) at the X-site when Pb is maintained at the B-site. Chemical

substitution allows one to tailor the band gap of the perovskite

semiconductor (see Fig. S3, ESI†). The CH3NH3PbI3 films can be

simply solution processed by allowing its precursors (e.g. PbI2 +

CH3NH3I) dissolved in an aprotic polar solvent (such as DMF) to

crystallize on a substrate/electrode.66,67 The PSCs could be fabri-

cated by sandwiching the CH3NH3PbI3 films between two charge

selective contacts (see Fig. S4, ESI†), viz. hole transport material

(HTM) and electron transport layer (ETL). Absorption of light

promotes electrons from the perovskite valence band to the

conduction band. The weakly-bound exciton, splits into free

charges, and thus PSCs are better represented by a free carrier

model. The electrons and holes can thus drift-diffuse towards the

selective contacts and the electrons are finally extracted at the

electrode/ETL on one side and the holes at the electrode/HTM on

the other. Effective ETLs and HTMs possess energy levels which

block the other type of carrier thus minimizing recombination

(see Fig. S4, ESI†). If the perovskite is coated on the ETL, the

structure is called n–i–p or direct or regular, while cells with

perovskites coated on the bottomHTL are called p–i–n or inverted

structures (see Fig. S5, ESI†).61 The synthesis of the perovskite

thin-films is generally achieved by reacting a lead halide salt with

a methylammonium halide salt. There are two main approaches

to perform and control this reaction: single-step and double-step

(also called sequential deposition method). Solution processing is

most widely used where the precursors are dissolved in solvents

(together in the single step and deposited sequentially separately

in the double step) and deposited via spin coating or other

coating/printing techniques but thermal evaporation of the pre-

cursors or of the whole perovskite has also been demonstrated.

The deposition methods, ink formulations (or evaporation para-

meters) and the underlying substrates/transport layers determine

the degree of crystallinity, homogeneity, and morphology of the

thin films (see Fig. S6, ESI†) which have a strong bearing on solar

cell efficiency and stability. Because the choice of the bottom

charge selective contact influences the growth of the perovskite

layer deposited on its top, as well as providing different materials

and manufacturing challenges, the n–i–p (e.g. substrate/TCO/ETL/

perovskite/HTM/Au) and p–i–n (e.g. substrate/TCO/HTM/perov-

skite/ETL/Au) architectures will be treated in separate sections.

An additional classification is related to the morphology of the

selective contact, which may be either mesoscopic (e.g. sub-

strate/TCO/compact-TiO2/mesoporous-TiO2/perovskite/HTM/Au

containing a nano-crystalline scaffold) or planar (e.g. substrate/

TCO/ETL or HTM/perovskite/HTM or ETL/Au with no scaffold)

where the transport layers can either be inorganic such as metal

oxides TiO2 (ETL), ZnO (ETL), NiOx (HTM) or organic such as

Spiro-OMeTAD (HTM), PTAA (HTM), PEDOT:PSS (HTM), PCBM

(ETL). The use of a triple stack of mesoscopic layers (ETL, spacer

and carbon electrode) has led to the design of a fully meso-

porous PSC.68 Each architecture has pros and cons when

implemented over a flexible substrate, and a detailed discussion

will be given in Sections 4–8.

3. Flexible PV technologies

In order to better understand and evaluate the potential

of f-PSC, it is worth briefly summarizing the state-of-the-art of

flexible PV technology in more general terms. Whereas first

generation PV based on monocrystalline semiconductors is

intrinsically rigid, the emergence and evolution of thin film

(second generation) and new generation PV (manufactured via

solution processing and/or evaporation techniques) with good

intrinsic flexibility has seen greater efforts dedicated to the

development of solar cells on flexible substrates. The absorption
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coefficient of crystalline Si, an indirect band gap semiconductor,

is rather low. Therefore, relatively thick wafers are required both

to guarantee efficient absorption over the whole spectral range

as well as sufficient mechanical stability (since these must be

self-supporting until placed inside a module). By reducing the

thickness of the Si wafer it is still possible to fabricate semi-

flexible modules with high efficiency (B15–20%); however,

bending radius o10 cm induces damage to the module.69 To

overcome the brittleness of large Si crystalline wafers, new

concepts have been developed. The Si wafer is structured in very

thin (1–2 mm) electrically-interconnected stripes allowing to

dramatically reduce the bending radius to the cm scale without

large decreases in PCE (module efficiency B18.3%).70,71 How-

ever, the additional dicing step and the high precision required

in the manufacturing increases manufacturing cost.

The highest efficiencies for flexible solar cells, so far, have

been reported by Alta Devices with cells based on GaAs fabri-

cated with a lift-off process. This allows to manufacture the cell

on a heat-resistant GaAs single crystal by metalorganic

chemical vapour deposition (MOCVD) and then transferring

the stack on a flexible substrate, obtaining efficiencies of up to

B26.7%.72 The reduced thickness of GaAs solar cells compared

to c-Si73 makes this technology more suitable for flexible

substrates;73 however, the high price of multi-junction GaAs

solar cells limits their use in applications such as outer space,

where the cost is not a limiting factor, or in concentrators,

where flexibility is not a requirement.74

Thin-film PV represents a more suitable option for large area

production of flexible modules thanks to the intrinsic bend-

ability of the active layer given by the reduced thickness.

Amorphous silicon can be deposited on flexible substrates

and cells based on a-Si:H/a-SiGe:H/nc-Si:H multi-junctions

exhibited efficiency of up to 16.3% (12.5% stabilized), very

similar to the rigid equivalents.70,75 In the case of CdTe solar

cell the gap between rigid and flexible cells is larger due to the

high temperature usually required for fabrication. If the effi-

ciency of rigid devices can go up to 22.1%, on flexible glass

substrates the efficiency is lowered to 16.4% and the relatively

high price and the brittleness of flexible glass make them less

attractive for a number of large area applications together with

limits on the bending radius.76 CdTe can be also produced on

polyimide films, but the efficiency is reduced to 13.8% due to

the processing temperature limited to 450 1C.77 Higher tem-

peratures can be used on metal foil, but the PCE is still limited

to 13.6%.76,78 On the other hand, flexible CIGS cells reached

very high PCE, similar to the rigid equivalent. The record for

flexible CIGS is 20.4% on polyimide foil, only 2% lower than the

one for glass based cells.79 The reduction of the maximum

processing temperature to values lower than 450 1C ease the

transfer of the fabrication procedures from glass to tempera-

ture resistant flexible substrates such as polyimide. These

efficiency values may make flexible devices an attractive replace-

ment for both bulk energy productions in large solar plants

and in BIPV.

New generation PV such as OPV and DSC lowers the thermal

budget needed to fabricate flexible devices, enabling the use of

low cost PET polymer film. DSCs on glass are usually prepared

at high temperature (450–500 1C) to sinter the mesoporous TiO2

layer. For this reason, research on flexible DSCs has been

divided among groups focusing on metal substrates (mainly

Ti) and on PET/ITO films.18 For PET/ITO it has been necessary

to develop low temperature processes, while metal foils allow

the use of conventional high temperature processes but the

amount of light reaching the active dye sensitized layer is

reduced by absorption through the non-transparent electrolyte.

The maximum efficiencies reached with flexible DSCs are 8.1%

and 8.6% for PET/ITO and metal substrate respectively under

standard test conditions,80,81 currently limiting the application

of such cells to indoor light harvesting where the performance

was found to be higher than for other PV technologies.82 OPV

has probably been the most suitable technology for develop-

ment on flexible substrates up to now due to the low tempera-

ture (o150 1C) required for fabrication. Most academic

research has focused on solution processing, and feasibility

of roll-to-roll manufacturing has also been demonstrated.83

Furthermore, by introducing the use of organic electrodes

based on PEDOT:PSS, organic semiconductors have been

implemented in stretchable PV devices, enabling the use of

flexible PV in new applications.84 The very low temperature

needed allows one to work on ultrathin substrates, and, before

the development of f-PSCs, OPV held the record for power/

weight ratio in PV technologies.84,85 Rather than with solution

processing, the highest efficiencies obtained in OPV have been

based on vacuum evaporation of small molecules by Heliatek.

The company claimed efficiencies of up to 13.2% on glass/ITO

for their multijunction cells and up to 10% for flexible modules

with an ITO-free production-feasible stack. They also have

facilities to produce large area modules via vacuum roll-to-roll

manufacturing with efficiencies of up to 7.7% for a stack that

yields similar results in the lab.86

Flexible PSC will compete with all these technologies, but

has, and can also continue to, use the know-how generated by

them. For the planar architectures in which a f-PSC resembles a

flexible organic solar cell (i.e. low temperature processing,

deposition from solution or evaporation, being lightweight

and compatible with stretchable substrates), benefits arise

from higher efficiencies (true at the small laboratory flexible

cell level at the moment) that can aim to reach the ones of

CIGS. Most of the coating techniques and several selective

contacts used for OPV can be used by f-PSCs, as well as the

roll-to-roll facilities developed so far. With respect to f-CIGS

cells, lower processing temperature of perovskite films allow

the use of cheaper and potentially more transparent substrates,

and one can surmise that the efficiency gap between glass and

f-PSC could become even lower than for CIGS in the future.

Essential know-how can be obtained from DSC research, espe-

cially for the mesoporous architecture, and also from thin-film

technologies which have already developed large area processes

to deposit TCO and laser interconnections. Effective encapsula-

tion is also a common issue for all these flexible PV techno-

logies where resources should be pooled. As a closing remark,

in order to increase the maximum efficiency of cost-effective
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flexible solar cells, fabrication of flexible tandem cell based on

CIGS and perovskite is proposed to be a viable concept to reach

efficiency B25%, a value that also would allow to compete with

silicon for the realization of large solar plants.87

4. Flexible perovskite solar cells and
choice of substrates

Most of the efforts of academic and industrial research have

been focused on the development of PSC on rigid glass sub-

strates. Nevertheless, research on flexible PSCs is growing

rapidly, with the highest PCE reported of 15.4–15.6% for planar

cells on plastic substrates using a compact ZnO layer.57 Similarly

to other thin-film or OPV solar cells, PSCs can be bent down to

millimetre scale radius, and are characterized by low weight.88

As mentioned in the introduction, these features make it an

ideal choice for the energy harvesting of portable devices or for

any application in which the energy source should be conformed

to a curved surface like in building-integrated photovoltaics.

Besides the applications which require the flexibility of the

device, flexible substrates enable to implement roll-to-roll

fabrication, with an opportunity to improve the production

throughput and to reduce manufacturing costs.89 Amorphous-

Si, CIGS and CdTe thin-film solar cells, due to the relatively

high process temperatures, are usually fabricated on polyimide

plastic films or on metal foil. Efficiencies of 16.3% have been

reported in triple junction amorphous silicon devices on polyimide,

13.6% in CdTe on metal and 20.4% in CIGS on a polyimide.18 For

PSCs, thanks to the lower processing temperature needed, the

more transparent and lower cost polyethylene terephthalate (PET)

polymer is often used, similarly to the Dye Solar Cell and OPV

fields.90

Indeed PSCs have already delivered very high efficiencies

using low temperature processes (below 150 1C) on glass

substrates, with PCEs of up to 19.3%.91 The active material

itself is always processed at temperatures compatible with

plastic substrates (well below 150 1C). This is also true for the

top selective contact, which is deposited already with tech-

niques that do not require or lead to high sample temperatures.

On the other hand, high temperature processes are often used

to fabricate the metal oxide bottom layers which are used to

collect carriers and avoid recombination with the substrate.

Thus, much of the efforts in developing flexible PSC are focused

on developing alternative materials and/or low temperature

processes for such layers.

A strategy to overcome temperature-related issues is to use a

metal substrate that additionally has good barrier properties.

The use of metal or polymeric substrate strongly influences the

processing of the devices. For instance, high temperature

processes cannot be used on polymeric film, while a semi-

transparent top contact is mandatory on a metal substrate. For

this reason the examination of the state of the art of flexible

PSC will be split in two main sections, one on PSC on polymeric

film and one on PSC on metal foil.

Films of PET and polyethylene naphthalate (PEN) are widely

used as transparent and lightweight substrates for PV applica-

tions.53 In order to use them as a transparent electrode sub-

strates, they are typically coated with transparent conducting

oxides (TCO) such as indium tin oxide (ITO) or similar materials

like indium zinc oxide (IZO) or aluminium doped zinc oxide

(AZO), in some cases with the addition of an ultrathin silver

layer.53,92,93 The sheet resistance of these ITO/polymer substrates

reaches 10–15 O &
�1, relatively close to the typical value of

TCO-coated glass used for PV applications (7–15 O &
�1)

retaining good transmittance in the visible spectrum, at lower

costs. Beside their good transparency/conductivity, plastic/ITO

substrates are characterized by several issues. Firstly, ITO is a

brittle material, so it can be damaged during bending, leading

to increase in substrate resistance and propagation of cracks in

the active layers.94 Nevertheless, it is sufficient to avoid curving

devices below the safe bending radius of ITO (that depends on

the ITO thickness) to prevent any degradation from occurring.

For instance, it has been shown that the safe bending radius for

PET/ITO, with sheet resistance of 15 O &�1, is equal to

14 mm.53 Secondly, ITO layers that are annealed at low tem-

peratures show reduced chemical resistance with respect to

crystalline ITO or FTO, especially in acidic solution, and may

induce degradation in the perovskite film if they are not care-

fully covered by pinhole-free compact layers. The different

quality of the ITO deposited on glass or polymer film partly

explains the higher PCE typically obtained on glass-ITO with

respect to PET-ITO, even when the same fabrication process is

employed.95

Additional thermal constraints arise because of the sub-

strate itself. In order to use a PET or PEN film as a substrate,

a low temperature fabrication process must be developed

(T o 150 1C). This might be initially an issue in the fabrication

of PSCs with a n–i–p architecture, since it usually requires an

n-type metal oxide sintered at high temperature. On the other

hand, in the inverted (p–i–n) planar architecture all materials

are typically processed at low temperatures. A way to overcome

the temperature limitation is to use an ultrathin flexible sheet

of glass. The only article that uses the latter for a PSC will be

discussed in the next section. However, the brittleness and high

cost of ultra-thin glass are still preventing its application on

large scale. For the sake of a clear description of the state of the

art, the n–i–p and p–i–n structures will be treated in two

distinct sections. Later on, an additional section will discuss

the use of polymer films without TCO, where an organic layer

based on PEDOT:PSS (with or without a metal grid) or carbon

nanotubes (CNT) was used as the transparent conductive

electrode.

5. Flexible n–i–p PSCs with compact
electron-extracting layer on TCO/
plastic substrates

In PSCs with conventional n–i–p architecture, the first layer

deposited on the TCO is an n-type layer. Its function is to
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extract the photogenerated electrons form the perovskite,

transport them to the TCO and avoid recombination between

perovskite and TCO by blocking holes. To fulfil these require-

ments, these layers should be ideally pinhole-free (indeed they

are also known as compact layers), should provide a suitable

electron affinity for electron extraction and should possess high

electron mobility. Furthermore, a high ionization potential can

also guarantee good hole blocking properties. Even if there are

reports on flexible and rigid PSCs with no compact layer

displaying high PCEs with a fast JV scan,96,97 the steady state

PCE measured is close to zero, confirming the requirement

for this layer.98

Wide band gap metal oxide semiconductors such as TiO2,

ZnO and SnO2 are ideal and most-commonly used candidates

as ETLs as a result of appropriate energy levels (see Fig. S4,

ESI†). Both TiO2 and ZnO have a conduction band (CB) that lies

approximately at 4–4.2 eV from the vacuum level, suitable for

efficient electron extraction (CB of CH3NH3PbI3 is at 3.9 eV

from the vacuum level).61 Nevertheless, it is important to notice

that especially when low temperature fabrication procedures

are employed this value may deviate a little. The wide band gap

of ZnO and TiO2 (larger than 3 eV) is useful to avoid any

parasitic light absorption and to prohibit the extraction of

holes from the valence band of the perovskite. The electron

mobility in ZnO is typically higher than TiO2,
113,114 but since

the thickness of the compact layer can be as low as 10 nm it is

not clear if this difference can influence the cell’s PCE.108,115

Alternatively, SnO2 is characterized by a higher electron

mobility and larger bandgap than TiO2 and ZnO and also is a

UV stable material116–118 whereas TiO2 has shown to induce

degradation in presence of UV-light.39 ZnO was the first

material implemented in flexible PSCs due to its easier low

temperature processing with respect to TiO2.
111 In the first

report, a combination of electrodeposition of the compact layer

and chemical bath growth of ZnO nanorods highlighted the

versatility of ZnO in terms of low temperature deposition

techniques that could be implemented, even if the PCE was

limited to 2.6% on PET (8.6% on glass). The ZnO compact layer

can be spin-coated from an ink dispersion based on ZnO

nanoparticles, a procedure already extensively investigated in

the field of OPVs.119 This kind of ink was employed as the

bottom layer in various reports on flexible PSC, but it can also

be used as a top contact in inverted devices.105,110,112,120 The

same ink can also be deposited in glass/ITO/ZnO/perovskite/

P3HT/Au structures by slot-die coating delivering a higher PCE

of 10.3%. These nanoparticles were also used in an HTM-free

flexible PSCs, in combination with a blade coated carbon paste,

exhibiting a PCE of 4.3% and providing a first example of a fully

printable flexible PSC.110 To further improve the performance

of ZnO based flexible PSCs, a ZnO layer was sputtered on a

flexible glass-ITO substrate. In combination with an antireflec-

tive coating (see the complete stack in Fig. 1) the PCE of ZnO

based devices was raised up to 13.1%.101 It is also important to

note that the highest PCE in f-PSCs till date is reported in a

device employing ZnO ETL.57 The PSCs employing a 40 nm ZnO

compact layer on PEN-ITO, a B380 nm thick CH3NH3PbI3, and

50 nm thick PTAA layer as HTM demonstrated PCE B 15.6%

(see Fig. 1). The high PCE is attributed to the higher electron

mobility in ZnO which also provided a balance of electron and

hole flux within the device resulting in a hysteresis free PV

performance (Table 1).

However, the use of ZnO might need some further optimiza-

tion if one looks at the stability of the device. Indeed, especially

when the ZnO is made at low temperature, it can rapidly induce

degradation of the perovskite layer due to its basic nature.121

This kind of interaction with the perovskite layer is even more

evident when the formulation based on PbCl2 is used. In this

case the ZnO can strongly influence the perovskite growth, by

making it faster and less efficient.122

A way to overcome these issues is to find an effective low

temperature synthesis method for a TiO2 compact layer. TiO2 is

widely used in n–i–p PSCs on glass where it is usually synthe-

tized at high temperature. The most popular technique is spray

pyrolysis, as a result of its easy processing and the high quality of

the resulting films in terms of compactness and crystallinity.123

The compact layer is often coupled with a mesoporous TiO2 layer

that improves collection of electrons and reduces hysteresis

during IV measurement. However, both the compact and meso-

porous TiO2 are typically treated at high temperatures which are

not compatible with polymer substrates. The compact layer has

been often deposited via alternative techniques such as sputter-

ing or atomic layer deposition (ALD). So far, only one study

reports the use a mesoporous TiO2 in flexible PSC on polymer

films,108 while it is more commonly used when the substrate is

composed of a metal foil that can withstand higher tempera-

tures.124 In the former report, the same screen printable TiO2 paste,

conventionally sintered at 450–500 1C, underwent a UV-irradiation

procedure125 to remove the binders inducing a low temperature

photocatalytical oxidation and improved particle necking.108 The

mesoporous TiO2 was deposited over a B11 nm amorphous

ALD TiO2 layer which showed good hole blocking behaviour owing

to its compactness. Together with the fast charge injection in the

Fig. 1 Left, the stack of layers used for an ultrathin glass based flexible

PSC. This configuration delivered an efficiency of 13.1%.101 Adapted with

permission from Highly Efficient Flexible Perovskite Solar Cells with Anti-

reflection and Self-Cleaning Nanostructures, ACS Nano, 9–10, 10287–

10295.101 Copyright 2015 American Chemical Society. Right, J–V curves of

PEN/ITO/ZnO/CH3NH3PbI3/PTAA/Au planar solar cell under 1 sun illumi-

nation (inset = photograph of corresponding flexible solar cell) delivering

an efficiency of 15.4% (forward scan) and 15.6% (reverse scan) amongst the

highest at the time of publication.57 Reproduced from ref. 57 with permis-

sion from The Royal Society of Chemistry.
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overlaying mesoporous layer (250 nm thick) the flexible PSC

delivered a PCE of 8.4%. The versatility and printability of such a

TiO2 paste allowed the fabrication of the first flexible perovskite

module as will be detailed in the Section 10 of this article.108

When the same ALD compact layer was employed in a planar

PSC, limited charge injection resulted in a low PCE (B1%),

higher hysteresis and lower stability. This means that the ALD

process used in that study led to the fabrication of a good hole

blocking layer with poor electron injection properties. The ALD

process can, however, be tailored by changing precursors and

processing conditions,118 in order to even develop planar PSCs

with PCE over 12%.94 This highlights the importance of control-

ling the TiO2 synthesis, since similar TiO2 films can gives notably

varying results.24 Nevertheless, the exact requirements to obtain

a compact TiO2 layer suitable for planar PSC are still not clear,

since both amorphous and crystalline compact TiO2 may result

in high efficiency as well as non-working devices.126

Even though crystalline TiO2 can provide good charge

extraction efficiency depending on the crystal phase and

morphology used, to date one of the highest PCEs for flexible

PSCs was obtained with an amorphous TiO2 compact layer

using a PET/ITO/TiO2/perovskite/Spiro-OMeTAD/Au.126,127 By

optimizing the sputtering deposition of amorphous TiO2 and

employing a modified double step procedure for perovskite

deposition (based on PbCl2 and CH3NH3I vapour) the flexible

PSC showed a remarkable PCE of 15.1% (see Fig. 2).99 As

explained in the paper, the oxygen vacancies present in the

amorphous film led to a deeper Fermi level respect to the

anatase counterpart, with beneficial effect on charge extraction.

Efficiencies of up to 13.5% were also obtained by employing

an e-beam evaporated TiO2 layer.
100 The importance of achieving

pin-hole free compact layers was highlighted, since the presence

of defects in them resulted in a non-homogenous defected

perovskite layer over them. Another study proposed the use

of a metallic sputtered Ti film (100 nm) with subsequent oxida-

tion in air at high temperatures as a compact layer for flexible

PSC providing not only effective extraction but also improved

transmittance.107

Besides vacuum deposition techniques, TiO2 compact layers

have been successfully deposited in flexible PSCs via solution

processing. Sol–gel synthesis is widely used in glass based

devices, where it is possible to crystallize the deposited film

by means of high temperature annealing.32 Rapid photonic

curing with infrared light (5 pulses of 2 ms with 19.3 J cm�2

radiant exposure) is one way to overcome this limitation on

heat-sensitive substrates, and has been shown to lead to a

massive improvement of the performance of the compact layer

without damaging the plastic substrate (PCE increased from

1.8% to 8.1%).106

Photonic curing induces crystallization/annealing in situ,

while an alternative strategy is to crystallize the ETL material

prior to the deposition. Casting inks of TiO2 nanoparticles

mixed with sol–gel precursors (that act as a mortar between

particles) has been an effective method to deposit crystalline

TiO2 layers at low temperatures. Glass based PSCs fabricated

with this method yielded efficiencies of up to 19.3%.91,128

Whilst on glass the size of TiO2 nanoparticles used for the

compact layer has usually been smaller than 10 nm in order to

Fig. 2 Above: (a) Photograph of one of the best performing flexible PSC (PET/ITO/TiO2/CH3NH3PbI3�xClx/spiro-OMeTAD/Au) reported at the time of

publication with sputtered TiO2 compact layer; (b) JV scan of the best devices on both glass and PET, showing also the curves after bending the latter for

100 times (radius of curvature not given).99 Reproduced from ref. 99 with permission from The Royal Society of Chemistry. Below: Scheme of the low

temperature synthesis and application of Zn2SnO4 nanoparticles for fabricating flexible PET/ITO/Zn2SnO4/CH3NH3PbI3/PTAA/Au cells.55 Adapted from

High-performance flexible perovskite solar cells exploiting Zn2SnO4 prepared in solution below 100 1C, Nat. Commun., 6,55 Copyright r 2015, Rights

Managed by Nature Publishing Group.
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obtain a more compact film, in flexible PSC, surprisingly,

20 nm sized TiO2 nanoparticles were successfully employed

without any additional precursor. In fact, even if it is not clear

how such a potentially porous layer can prevent direct contact

between TCO and perovskite, flexible PSCs with a PCE of 12.3%

have been reported.92

The nanoparticle route has also been implemented with ternary

oxide Zn2SnO4 nanoparticle dispersion synthetized at low tem-

perature. Flexible PSCs with the Zn2SnO4 ETL achieved efficiencies

of 14.7% as a result of the good hole blocking/electron injection

behaviour and to the low refractive index of the ETL film (Fig. 2).55

This latter feature reduces the reflections at the ITO interface,

increasing light harvesting and the JSC of the devices.

An attractive material that may be able to improve electron

extraction from the perovskite and can strongly reduce the hyster-

esis effect is a well-known fullerene derivative, PCBM. PCBM is

used in flexible PSCs in combination with another buffer layer,

probably to mitigate the effect of the partial dissolution of PCBM

in the perovskite solvent. In particular it was deposited on top of

TiO2 nanoparticles or on another fullerene derivative blended with

an n-type polymer. In both cases the perovskite was synthetized

with a solvent engineering method, and the PCE delivered by the

cells were 11.1% and 10.3% respectively.52,104

6. p–i–n flexible perovskite solar cells
with a bottom hole-extracting layer

In the p–i–n PSC structure, the TCO is coated with an HTM

compact layer, and the perovskite is covered with an ETL above

it. This architecture is generally similar to that of a polymer

solar cell, benefiting from the know-how accrued on solution-

processed HTMs and ETLs in the field of OPV. A summary of

the results obtained on p–i–n flexible PSCs is shown in Table 2.

For this type of flexible PSC architecture, the HTM layer is

typically deposited by spin coating PEDOT:PSS, a p-doped

polymer, while PCBM is mainly used as the ETL. Both layers

prove to be very effective in extracting charge and compatible

with flexible PSC processing. Indeed with an evaporated Al top

contact a 9.2% PCE can be obtained on PET-ITO with this

very simple PET/ITO/PEDOT:PSS/perovskite/PCBM/Al structure

(see Fig. 3).120 Besides their suitable electronic properties

(high work function for PEDOT:PSS141 and high electron affi-

nity and mobility for PCBM142), both layers are easy processable

in solution and do not need high temperature treatment

(i.e. o150 1C). PEDOT:PSS is deposited from a commercial

water-based ink, with a thickness B40 nm that ensures good

hole extraction and high visible light transmittance.

Since the first report in PSCs, PEDOT:PSS has shown to offer

a suitable material surface for perovskite growth, apart from its

good hole-extracting capabilities.95 Nevertheless, this layer is

known to be unstable especially if ingress of water is not

avoided by proper encapsulation. Therefore, despite the pro-

gress shown by flexible cells incorporating PEDOT:PSS, further

understanding of its role in stability together with that of the

perovskite layer (also susceptible to moisture ingress), is

required as well as developing more robust substitute materials.

In fact, a number of alternatives have been already demonstrated

on glass substrates, leading to a strong enhancement of light-

soaking stability, and a transfer of such alternatives to flexible

substrate should be encouraged.143 For the ETL layer, PCBM is

typically cast from a chlorobenzene solution on top of the

perovskite layer. So far, this material has been proven to be

superior to TiO2 in terms of its charge extraction properties.144

When it is spin coated on top of the perovskite, PCBM is able to

percolate along the grain boundaries, passivating the surface

defects and providing a highly efficient PSC, usually with

negligible or no hysteresis.145

Most research in p–i–n flexible PSCs has focused on the

perovskite deposition and on the implementation of interlayers

at the different interfaces. The perovskite film is usually cast

with a 3 to 1 CH3NH3I:PbCl2 solution, a formulation well suited

for planar cells. Some further modifications have been proposed.

For instance, an interesting development that further reduces

the thermal budget in PSC fabrication is the use of NH4Cl in the

perovskite ink. It allows room temperature crystallization of the

film yielding a PCE of 8.4% on flexible substrates.136

Deposition by evaporation of the lead salt or of the complete

perovskite has been tested on flexible substrate. However, the PCE is

still lower with respect to the state-of-the-art solution processed

devices.93,133 The best-performing cells were indeed obtained using

the standard PbCl2 formulation, with efficiencies of 12.5%.132 In

order to achieve such a high PCE, a top interlayer was employed. In

addition to the standard PEDOT:PSS and PCBM (or PTCDI) layer, an

additional Cr2O/Cr double layer was evaporated between the ETL

and the top gold electrode (Fig. 3, bottom). That interlayer prevented

any reaction occurring between the top electrode and the perovskite

layer, which would have otherwise led to device degradation due to

interaction of the back contact (Ag) with the perovskite layer.

The top interface is investigated in several other reports,

where a variety of materials were used to improve device

performance. An additional interlayer can both fill the pin-

holes in the ETL layer and may act as an additional buffer layer

to improve charge extraction. Indeed, it is not always possible

to use PCBM on its own to get a working device, but it is unclear

if this is due to the high roughness of the perovskite layer that

needs to be covered further or to the electronic properties of the

perovskite itself. Both organic and inorganic interlayers were

implemented by using isopropanol as the solvent, since it does

not dissolve the perovskite or PCBM. For instance a surfactant-

modified C60 can be deposited on top of PCBM, as well as

TiO2.
95,135 The ETL may also be deposited by thermal evapora-

tion. In that case, PCBM has proven to be superior to C60, and

an additional BCP hole blocking layer was added to C60 to

further improve the structure.140 Even the PEDOT:PSS surface

can be modified to improve charge extraction. Additionally, this

modification also influences growth of the perovskite, since it

grows directly on the HTM.146 For instance, a self-assembled

monolayer of 3-aminopropanoic acid on PEDOT:PSS drastically

changes the morphology of the film, leading to much smoother

films with respect to pristine counterparts, leading to a 20%

relative increase in the PCE.139
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The easier processing of such an architecture may allow faster

upscaling with roll-to-roll compatible coating techniques. By using

the know-how obtained in the OPV upscaling, two works on roll

coating of flexible PSC have been published. The ETL is there

composed of a PCBM–ZnO double layer, and both printed and

evaporated silver were successfully employed on such a structure,

leading to maximum PCE of 5.1% over 0.5 cm2 of active areas.109,139

However it is important to note that the planar device employing

organic extraction layers (such as PEDOT:PSS and PCBM, for

example) are suspected to degrade rapidly. This is due to the fact

that both the layers are sensitive to humidity and PEDOT:PSS has an

acidic nature that may corrode the substrate underneath.140,147–151

Towards this end, alternative HTMs such as NiOx have also been

recently reported in f-PSCs by Zhang et al.129 where a pin-hole

free NiOx B20 nm layer in conjunction with CH3NH3PbI3 and

C60/BIS-C60 resulted in PCE B 14.5% on PET-ITO substrates

(B17.6% for ITO glass counterparts). The notable point here is that

the NiOx layer was deposited via spin coating without any further

thermal or UV treatment and therefore the process is highly

compatible with mass production.

7. TCO-free flexible perovskite solar
cells

An interesting development of flexible PSCs is the demonstra-

tion of TCO-free devices. A summary of the results obtained on

TCO-free flexible PSC is shown in Table 3.

At the beginning, the development of TCO-free PSCs served

as a proof of concept of perovskite bendability.88 Indeed a

bending test on PET-ITO can only be conclusive until ITO does

not crack, since the ITO layer is brittle and starts to fail before

the perovskite itself, and the cracks propagate in the active

layer leading to the device failure.94 On the other hand, when a

flexible bottom electrode is used instead of ITO, the PSC can

be bent much more.88 Since the main material used to

substitute ITO is usually highly conductive PEDOT:PSS (even

together with a conductive grid in the case of the most

efficient TCO-free PSC), all the TCO-free PSCs published

to date present a p–i–n structure. The only alternative to

PEDOT:PSS tested to date are carbon nanotubes, but the

PCE is limited to 5.4%.155 Besides demonstrating the full

range of flexibility of perovskite, the PEDOT:PSS-based devices

also demonstrated ultra-lightweight capability. The best

devices, with a PCE of 12%, were fabricated on a ultrathin

1.4 mm thick PET film (see Fig. 4 for the complete structure),

leading to a record power per weight ratio of 23 W g�1 which is

one order of magnitude larger with respect to conventional

technologies (Fig. 4).132

Moreover, the device was extremely flexible and able to

withstand several cycles of compression and re-stretching

without being damaged. Another study also confirmed that

PSCs can be stretched if the bottom electrode is designed

carefully.152 The very low weight and the stretchability of these

devices pave the way to new applications, e.g. sourcing energy

for solar powered flying drones.156

Fig. 3 Top: (left) The stack of layers used for a simple inverted flexible PSC (ITO/PEDOT:PSS/perovskite/PCBM/Al). (centre) A picture of the bent device

on PET substrate and (right) is a comparison of the JV curves of the best PSC on glass and PET substrates.120 Reprinted with permission from Low-

Temperature Solution-Processed Perovskite Solar Cells with High Efficiency and Flexibility, ACS Nano, 2014, 8, 1674–1680. Copyright 2014 American

Chemical Society. Bottom: Cross sectional TEM (transmission electron microscopy) of the best performing p–i–n flexible PSC. The Cr2O3/Cr interlayer

can be seen between the PTCDI and the gold.132 Reprinted by permission from Macmillan Publishers Ltd: Flexible high power-per-weight perovskite

solar cells with chromium oxide-metal contacts for improved stability in air, Nat. Mater., 14(10), 1032–1039. Copyright 2015.
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8. Flexible perovskite solar cells on
metal substrate

Metal foils are a valid alternative to polymer films. The advan-

tages are their ability to withstand higher temperatures, higher

permeation barrier properties and higher conductivity com-

pared to conducting plastic substrates. The main drawback of

using these substrates is the need to manufacture a transparent

top electrode that has to be deposited on top of the perovskite

layer stack without damaging it. A summary of the results

obtained on metal-based flexible PSCs is shown in Table 4.

Unless one produces single cells and then connects them

together, for practical industrial use, the metal foil is used only

as a carrier, since it is hard to create the series connection of a

Fig. 4 (top) Device structure of the best performing TCO-free flexible

PSC. (middle) Two photographs of the ultra-thin device before and after

compression. No failure was observed after several compression cycles.

(bottom) Comparison of power-per-weight ratio of different photovoltaic

technologies relating to academic results of leading ultralight solar cells.132

Adapted by permission from Macmillan Publishers Ltd: Flexible high

power-per-weight perovskite solar cells with chromium oxide-metal

contacts for improved stability in air, Nat. Mater., 14(10), 1032–1039.

Copyright 2015.
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monolithic module on a metal.165 After depositing a planar

insulator layer, the substrate is coated with a thin film electrode

(usually metallic), easy to scribe with laser ablation. Without

this process, mechanical cutting of the metal foil would be

necessary to electrically isolate different areas, harming the

mechanical stability of the foil. Mechanical cutting has been

successfully employed in the industrial production of dye

sensitized solar cells on titanium foil, because in that case a

conductive foil (the counter-electrode) is laminated on the titanium

foil, ensuring the mechanical stability of the device.166 The same

procedure might be applied to flexible PSCs, especially because a

procedure to laminate a transparent and conductive top substrate

has been recently demonstrated.158 Nevertheless, the reports on

flexible PSC on metal foil are currently limited to single cell

development, thus the foil is used as the bottom electrode itself.

In this case the roughness of metal foils can be an issue, and

indeed the best performing devices implement an electropolishing

pre-treatment on the metallic substrates.124

The reported metal based PSCs to date used a n–i–p archi-

tecture with a mesoporous layer, typically TiO2. For this reason

titanium foil is the most employed substrate. It naturally

provides a native TiOx layer and can be anodized to grow a

layer of TiO2 nanotubes on the surface.159 A standard processing

procedure based on of spray pyrolysis of compact TiO2, spin

coating of mesoporous TiO2 and perovskite prepared with

solvent engineering method (see right panel of Fig. 5), allowed

the authors to obtain one of the most efficient devices of this

kind with a PCE of 11.0%.124 The top electrode was made by

a well-established material, an Ag doped ITO layer. It was

sputtered directly on top of the Spiro-OMeTAD, giving a good

conductivity and a high transmittance.

Good results were also obtained with an Al2O3 scaffold layer.

Beside the preparation of the ETL, perovskite and HTM layers,
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Fig. 5 Top left, structure of a metal foil based PSC with a self-adhesive

top electrode. Bottom left, a picture of the complete device.158 Repro-

duced from ref. 158 with permission from The Royal Society of Chemistry.

Top right, device architecture of the best performing PSC made on a metal

foil. At bottom right, cross sectional SEM image of the same cell.124

Reproduced from ref. 124 and 158 with permission from The Royal Society

of Chemistry.
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the most interesting aspect of this study was the lamination of

a self-adhesive transparent electrode (see left panel of Fig. 5).

This electrode was composed of a nickel mesh embedded in a

PET foil, and covered with a pressure sensitive blend of PEDOT

and an adhesive.167 A simple lamination ensured good elec-

trical contact and enabled to reach efficiencies of 10.3%.158 The

only concern may be in the use of PEDOT:PSS that may

probably be replaced by more stable materials, such as carbon

nanotubes or Ni nanostructures, unless high-performance

flexible encapsulation is implemented.

Besides nanoparticle-based scaffolds, titanium foils can be

anodized to grow a layer of TiO2 nanotubes that can be used as

a porous ETL. Such a layer was used to fabricate flexible PSC

with a PCE of 8.3%.159 Additionally, that cell employed a

transferred CNT layer, another alternative to TCOs. Another

TCO alternative is represented by silver nanowires which have

been used to fabricated efficient semi-transparent rigid PSCs,

but not yet in metal foil PSCs.168 A top electrode made of silver

nanowires has however been implemented in flexible PSCs

based on metal fibers. In fact, a metal substrate can also be

in the form of fibers or meshes, which have already been

adopted in other PV technologies and OLEDs.169,170 For these,

it becomes impossible to employ standard coating techniques

which require a flat substrate. The whole fabrication procedure

is different from the one described so far for glass based or

flexible substrates. Currently, a common coating technique is

that of dip coating, since it allows one to coat uneven surfaces.

The fiber can be made of stainless steel or titanium.162,164 For the

former, both TiO2 and ZnO were tested as the ETL, with similar

results (PCE B 3%).163,164 In addition to dip coating on metal

fibers, chemical bath deposition or electrodeposition have also

been employed. Electrodeposition has been proven to be a very

effective method for the deposition of the lead salt for the double

step synthesis, leading to a major increase of performance.161 An

effective way to coat the fiber with a transparent top contact is to

wrap a CNT sheet around it, as shown in Fig. 6. The fabrication

process becomes even more complicated when a coil-shaped fiber

is used, with the purpose of fabricating a flexible and stretchable

woven PSC.161 In this case, two CNT sheets were used to contact

the inner and the outer part of the coil.

Thanks to the use of a double step perovskite synthesis, the

efficiencies were raised from 1% to 5%. A crucial step developed

to achieve this result was the electrodeposition of Pb(NO3)2 that

created a uniform seeding layer over the peculiar surface of the

coil. These results demonstrate the versatility of perovskite

synthesis and fabrication processes which are able to be adapted

to a variety of different substrates.

9. Upscaling from flexible perovskite
solar cells to modules

Most of the reports published to date on flexible PSCs have

been dedicated to small area cells, similar to their rigid

counterparts. Nevertheless, there have been a handful of

reports that investigate the upscaling of flexible PSCs. The

upscaling from small area cells to large area module requires:

(i) the development of large area coating techniques, (ii)

patterned deposition or post-patterning procedures, and (iii)

an optimized cell and interconnection design. Since the PSC

module architecture resembles that of other thin film techno-

logies, and requires optimization of cell dimensions,43 a

p1–p2–p3 laser scribing procedure is the preferred approach,

since it enables the production of modules with very high

aperture areas.171,172 Nevertheless, in the early works on

perovskite modules, patterning of the perovskite and HTM

layers was carried out by manual removal on both rigid and

flexible substrates (Table 5).24,173–175 A first working small

flexible module was demonstrated using the n–i–p mesoporous

architecture. By combining laser patterning of masks for ITO,

compact layer and gold, screen printing of the mesoporous

layer and self-patterning of perovskite and HTM an efficiency of

3.1% was reached on a 5.6 � 5.6 cm2 PET substrate (see Fig. 6),

with the best cell of the module presenting a PCE of 4.3%

(1.95 cm2 active area).108

Whereas both ALD and screen printing are up-scalable

techniques, spin coating is not. Thus, it is necessary to develop

fully scalable processes for all layers for industrial purposes.

Slot-die coating is very promising for this application, since it is

compatible with the viscosity of the inks used for PSCs and

deposits layers with the required thicknesses. Indeed, slot-die

coating has been already investigated for both rigid and flexible

PSCs.112,176 On flexible substrates, the group at the Technical

University of Denmark developed a R2R compatible process

achieving a PCE of 4.9% (active area 0.2–0.5 cm2) with all

scalable techniques.109 Indeed, one of the main advantages of

developing PSCs on flexible substrate lies in its compatibility

with R2R production. Another study also focused its attention

on the slot-die coating and demonstrated a proof-of-concept of

R2R fabricated flexible module (only the top electrode was

evaporated), shown in Fig. 7. A double step process was instru-

mental to rapidly fabricate large area PSCs with a PCEs of

roughly 1% over a substrate of 100 cm2 providing an important

proof of concept of upscalable R2R production.112 The possibility

of developing such a production process over large areas is an

important aim of current research. In the next section we will

delve into these possibilities further.

Fig. 6 Left, picture of a flexible PSC woven obtained with elastic Ti coil

substrate. Right, a scheme of the device structure.161 Reproduced from

ref. 161 with permission from The Royal Society of Chemistry.
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10. Low temperature and roll-to-roll
processing possibilities for f-PSCs

Processing of solar cells for new generation PV, including

perovskites, can be divided into three categories as shown in

Fig. 8; (i) single device fabrication, (ii) batch processing, and

(iii) roll-to-roll (R2R, also called reel-to-reel) processing.177,178

Single device fabrication is employed for laboratory scale cells

(typically active areas r1 cm2), both on rigid and flexible

substrates, only for research and optimization purposes. The

devices prepared by (ii) are usually modules, especially those on

rigid glass substrates, which are significantly larger than

laboratory scale devices (typically between 100 cm2 and r1 m2)

and usually manufactured as a single unit or as a batch. (iii) R2R

is instead a continuous web-basedmanufacturing process (at least

till the substrates rolls are completely unrolled) and is employed

for mass production of long flexible substrates (typically several

tens of meters or even longer). The benefits of R2R in terms of

processing and costs over large areas applied to the field of OPV

have been reported by Krebs et al.89

So far, a number techniques compatible with mass produc-

tion such as spray coating,179,180 slot-die coating,112,176 3D or

ink-jet printing,181 and doctor blading44,138 have been employed

for fabrication of PSCs. Even if, at the moment, some of these

studies have been applied to PSCs on glass only, they pave the way

for being transferred to the manufacture of flexible PSCs, even for

R2R processing. Barrows et al.179 reported ultrasonic spray coating

to develop planar heterojunction CH3NH3PbI3�xClx devices on

pre-patterned ITO glass substrates with a perovskite surface cover-

age of over 80% by optimizing various processing parameters

such as temperature of substrate, volatility of solvents and anneal-

ing conditions for perovksite film. They reported PCE B11% in a

champion device (area o1 cm2) where only the perovksite film

was developed using a R2R compatible method. The top and

bottom polymer layers (PCBM and PEDOT:PSS, respectively) were

deposited by spin coating which limited fabrication of a complete

device using scalable methods.

Carbon based perovksite solar cells68 employing an insulat-

ing scaffold layer and without a hole conductor are promising

as their manufacturing is compatible with R2R processing. Wei

et al.181 developed, for the first time, carbon-based perovskite

solar cells where the CH3NH3PbI3/C bilayer is printed via an

inkjet printer. They employed C/CH3NH3I ink formulation to

chemically transform PbI2 to CH3NH3PbI3 in situ and reported

PCE B 11.6% in their laboratory scale glass based PSCs.

Recently, a modified 3D printer has also been employed for

large area printing of PSCs. Vak et al.176 reported 3D printer

assisted slot-die coating to solution process various materials

components of PSCs and obtained PCE B 11.6% for laboratory

scale devices and B4.6% for modules built on large area ITO

glass substrates (B48 cm2). To further improve the perovksite

film quality using slot-die, gas-quenching assisted slot-die

coating was introduced with PCE B 12% in fully printed PSCs

(area o1 cm2) on ITO coated glass substrates.176 The ETL,

perovksite as well as HTM layers were printed using slot-die

whereas the top contact was deposited in vacuum. Similarly, aT
a
b
le

5
S
u
m
m
a
ry

o
f
d
iff
e
re
n
t
e
le
c
tr
o
n
tr
a
n
sp

o
rt
la
y
e
rs

(E
T
L
),
p
e
ro
v
sk
it
e
sy
n
th
e
si
s,
h
o
le

tr
a
n
sp

o
rt
m
a
te
ri
a
ls
(H

T
M
),
to
p
e
le
c
tr
o
d
e
s
a
n
d
th
e
ir
d
e
p
o
si
ti
o
n
te
c
h
n
iq
u
e
,
a
n
d
th
e
p
o
w
e
r
c
o
n
v
e
rs
io
n
e
ffi
c
ie
n
c
ie
s

(P
C
E
s)
o
f
fl
e
x
ib
le

p
e
ro
v
sk
it
e
so

la
r
m
o
d
u
le
s.
T
h
e
ta
b
le

sp
e
c
if
ie
s
th
e
c
o
a
ti
n
g
te
c
h
n
iq
u
e
,
th
e
sy
n
th
e
si
s
a
p
p
ro
a
c
h
,
a
n
d
th
e
m
a
in

le
a
d
sa
lt
u
se
d
fo
r
th
e
p
e
ro
v
sk
it
e
fi
lm

.
A
ll
th
e
a
b
b
re
v
ia
ti
o
n
s
n
o
t
u
se
d
in

th
e
te
x
t

a
b
o
v
e
a
re

d
e
fi
n
e
d
a
t
th
e
b
o
tt
o
m

o
f
th
e
ta
b
le

S
u
b
st
ra
te

E
T
L

P
er
o
vs
k
it
e
sy
n
th
es
is

H
T
M

T
o
p
el
ec
tr
o
d
e

N
o
te
s

P
C
E
[%

]
R
ef
.

P
E
T
-I
T
O

1
1
n
m

T
iO

2
–
at
o
m
ic

la
ye
r

d
ep

o
si
ti
o
n
+
2
5
0
n
m

m
es
o
p
o
ro
u
s
T
iO

2

S
p
in

co
at
in
g
–
1
st
ep

–
P
b
C
l 2

S
p
ir
o
-O
M
eT

A
D

+
L
iT
F
S
I
+

T
B
P

E
va
p
o
ra
te
d
A
u

4
ce
ll
s
–
8
cm

2
3
.1

1
0
8

P
E
T
-I
T
O

Z
n
O

n
an

o
p
ar
ti
cl
es

sl
o
t-
d
ie

co
at
in
g

S
lo
t-
d
ie

co
at
in
g
–
2
st
ep

P
3
H
T
+
L
iT
F
S
I
+
T
B
P

(s
lo
t-
d
ie

co
at
in
g
)

E
va
p
o
ra
te
d
A
g

5
ce
ll
s
–
4
0
cm

2
–
R
2
R

co
at
ed

B
1
(e
st
im

a
te
d
)

1
1
2

Review Energy & Environmental Science

P
u
b
li

sh
ed

 o
n
 0

9
 S

ep
te

m
b
er

 2
0
1
6
. 

View Article Online

http://dx.doi.org/10.1039/C6EE01137C


This journal is©The Royal Society of Chemistry 2016 Energy Environ. Sci., 2016, 9, 3007--3035 | 3023

recent report by Yang et al.182 has also shown fully printable

PSCs on glass ubstrates by doctor blading. Although these

processes were developed on rigid substrates the devices are

processed at low temperature (except annealing of ETL where

required); and therefore, they can be extended to flexible

substrates. On the other hand, vacuum processing of the

perovksite layer183,184 has also demonstrated its compatibility

with batch processing, however limited to rigid substrates so

far. Batch processing of flexible large area PSC module by

screen printing and UV-assisted processing was first established

by Di Giacomo et al.108 with PCE B 3.1%.

Schmidt et al.109 developed the first fully printed flexible

PSCs via R2R compatible methods on ITO-polyethyleneter-

phthalate (PET) and reported PCE B 4.9%. This was around

half the PCE value of cells manufactured via spin coating on

ITO/glass substrates, a similar trend to that observed in printed

OPV. Similarly, Das et al.106 showed combined ultrasonic

spray-coating and photonic curing to process flexible PSCs (PCE

8.1%) on PET, a method that can be applied to R2R processing

and also can yield pin-hole free high quality perovksite layers.

In all reported methods, perovksite annealing typically takes

45–60 min which may hinder R2R processing. To overcome

this issue, Troughton et al.185 introduced rapid near infrared

processing of perovksite precursor which only require 2.5 s with

no notable decrease in cell performance. More recently the

same group brought the value down to the ms range via

photonic curing.186

Based on these developments one can conceive a promising

future for R2R processed large area PSC modules. Fig. 8 shows

manufacturing techniques that have been already successfully

used in PSCs and/or OPV or DSCs such as laser processing,172

flexographic printing, slot-die coating and rotary screen

printing,177,187,188 screen printing,89 and gravure printing.189

Some of the printing, coating and processing techniques

not employed in PSCs so far but in the other two technologies

can be investigated for the manufacturing of flexible PSCs

in the future.18,89

11. Stability of flexible perovskite solar
cells

When it comes to practical deployment, stable performance

over time of a PV technology becomes as important as

efficiency.190 Despite the high efficiencies reported in PSCs,

there have been concerns over their long term operational

stability. Their performance is not only known to degrade over

time due to intrinsic reasons such as structural instability191

and their interaction with the selective transport layers,192,193

but also, due to extrinsic factors such as moisture,41,194

Fig. 7 (a) JV curves of a flexible series connected mini-module, together with the JV scans of the four constituent cells, (b) photograph of the mini-

module whose JV curves are shown in (a).108 Reproduced with permission form Adv. Energy Mater., 2015 Wiley. (c) Photograph of the roll-to-roll double

step production of a perovskite layer, showing the conversion from lead iodide (yellow) to perovskite (dark brown).112 (bottom) picture of the completed

roll-to-roll flexible PSC module with an evaporated Ag contact.112 Reproduced with permission form Adv. Mater., 2015 Wiley.
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UV-light,39 photon dose,195 temperature196 and hysteresis due

to light soaking,197,198 temperature40 and their slow charge

dynamics.199,200 Flexible PSCs are even more sensitive to these

factors as they are more difficult to be encapsulated effectively.

They are manufactured on polymer substrates such as PET or

PEN which are much more permeable to ingress of moisture

and oxygen compared to glass counterparts and are possibly

more prone to effects of high temperature cycling and UV

exposure which a PV device typically faces when installed

outdoors. Thus, stability must be ensured via a twofold strategy:

the development of more stable perovskite, ETLs, HTMs and

contact material combinations as well as effective permeation

barriers (also used for flexible OPV201 and DSCs202) and sealing

of cells to minimize the effect of external factors.

The first systematic stability investigation of a f-PSC was

reported by Weerasinghe et al.102 who employed PET films

coated with indium-doped zinc oxide substrates, with meso-

porous TiO2 as an ETL subsequently coated with CH3NH3PbI3
and Spiro-O-MeTAD whereas an evaporated Au layer was used

as top contact. The devices were encapsulated in a N2 filled

glove box using B85 mm thick plastic sealant (Viewbarrier,

Mitsubishi Plastic, Inc., Fig. 9a) with water vapor transmission

rate (WVTR) of 5 � 10�3 g m�2 day�1. Three types of devices

(encapsulated, partially encapsulated and un-encapsulated)

were stored at ambient conditions (T o 25 1C, Rel. H 30–80%)

and a shelf-life test was carried out for 500 h. The bare PSCs failed

after just 100 h whereas the partially and fully encapsulated

devices showed relatively slower degradation over time and

retained at least B80% of initial PCE after B400 h (Fig. 9b).

One of the main causes of degradation is moisture and oxygen

ingress, especially through the adhesive layers and edges and

around the wire contacts and results suggesting that the loss of

device performance is associated with the formation of more

resistive interfaces within the device.

Similar to glass based PSCs, it is not only the encapsulation

that is required to achieve long term stability but also the right

intrinsic material combinations. For example, the presence of a

scaffold has been shown to lead to longer shelf lives in n–i–p

PSC not only in glass based devices,192,193 but also in plastic

cells. In fact, after keeping the un-encapsulated devices in a dry

box for a week, a scaffold-less cell lost 84% of its initial PCE

while the cell incorporating a scaffold lost only 8%.108

A paper reporting one of the highest efficiencies for f-PSCs

(PCE B 14%), also investigated the mechanical and thermal

stability of their ultrathin cells.56 The substrate (B57 mm)

consisted of an Ag-mesh (thickness B2 mm) embedded in a

PET film subsequently coated with a high-conductivity trans-

parent conducting polymer (Clevios PH1000). The bottom of

this modified PET substrate was laminated on aB100 mm thick

highly hardened PET to provide mechanical robustness.

The PSCs built on these substrates (sheet resistance as low as

B3 O sq�1 and high transmittance of B85%) showed remark-

able mechanical stability after 500 bending cycles. The PSCs

also retained490% of their initial PCE after 500 h of storage at

Fig. 8 Commonly employed device fabrication techniques for future generation solar cell such as organic solar cells, dye-sensitized solar cells and for

the more recent perovksite solar cells. The fabrication techniques are classified vertically as coating, printing and others and horizontally based on its

typical use, i.e., laboratory, batch or R2R scales. A dual colored entry on the line means that the technique fills the requirements for both categories above

and below it.
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room temperature in N2-filled glove box. Stability testing of

f-PSCs at 45 1C after 500 h and 70 1C after 100 h of storage

showed B25% and B80% drop in PCE respectively, similar to

that of a control device built on ITO glass thereby evidencing

that the substrate does not lead to additional instabilities

under these temperature tests, although these cells were kept

in inert environment thus eliminating the effect of ambient

water vapor and oxygen. To evaluate stability of f-PSCs in

presence of humidity and at indoor conditions, Kaltenbrunner

et al.132 reported promising air-stability in ultrathin (B3 mm)

f-PSC (PCE B12%, power-per-weight as high as 23 W g�1). The

improved air-stability was obtained introducing (i) a chromium

oxide–chromium (Cr2O3/Cr) interlayer between metal contact

and perovskite to avoid possible reaction between the two, and

(ii) polyurethane protective layer on top of the metal contact

(Fig. 3).

The stability results show that similarly to other PV techno-

logies such as OPV and DSCs developed on plastics, their long

term stability will require effective encapsulation prior to air

exposure. This can be implemented via plastic or multilayer

barriers having adequate WVTRs18 such as those developed for

OPV. Furthermore, as PSCs are known to degrade under UV

light, although it is known to effect more the TiO2 based

PSCs (PSCs built by replacing TiO2 with Al2O3 suppressed

UV-degradation),39 UV light has to be shielded both from the

internal layers and from the substrate if PEN is utilized. This

would require additional UV-filters or UV-filtering substrates

for f-PSCs if they are to be placed for outdoors. Note that f-PSCs

could offer many advantages of being able to be integrated in

objects for indoor applications since PSCs (on glass substrates)

have recently shown to work efficiently under low light levels.203

This could lower stability constraints on f-PSCs as they might

not need to be exposed to high temperatures and UV-light as in

the case of device built for outdoor applications. Research need

to be carried out to understand the interaction of perovskite

with PET and PEN, and their TCO-coated counterparts, a

common issue observed in flexible DSCs where liquid electrolyte

degraded ITO surface over time.18 As can be noted from this

section, the literature focusing on the stability of f-PSCs is much

less broad compared to that focusing on efficiency and more

work needs to be carried out in this field.

12. Cost and lifecycle analysis of PSCs
12.1. Markets and cost analysis of PSCs (cost per WP, LCOE

and balance-of-systems cost)

A solar cell technology wanting to penetrate the market should

offer four key features, i.e., high efficiency, low cost, long term

stability, and added functionality (flexibility, transparency, easy

integration and aesthetics etc.).7 Silicon solar cells, although

providing long lifetimes (B20 years) and high efficiencies (typi-

cally 420–25%), are relatively expensive (although costs have

gone down significantly in the last 5 years), rigid, opaque and

bulky. New generation solar cells such as OPV and DSCs currently

suffer from relatively lower efficiency (typically B10–13%) and

Fig. 9 (a) Schematic diagram showing (top) ‘partial’ and (bottom) ‘fully’ encapsulated flexible PSC architectures, (b) normalized PCE of non-

encapsulated, ‘partially’-encapsulated, and ‘completely’ encapsulated F-PSCs as a function of storage time under ambient conditions. Reproduced

with permission from ref. 102, copyright of Elsevier, and (c) PCEs aging of f-PSCs fabricated on both PET/Ag-mesh/PH1000 and glass/ITO substrates at

room temperature in N2-filled glove box, and (d) schematic illustration of the hybrid electrode (PET/Ag-mesh/PH1000) (left) and (right) Ag-mesh, PET/

Ag-mesh/PH1000-based substrates. Reproduced with permission from ref. 56, adapted by permission from Macmillan Publishers Ltd: Nat. Commun..
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shorter lifetimes although providing added interesting function-

alities (e.g. transparency, flexibility, indoor performance) and low

cost fabrication. PSCs may be able to provide many of these

features simultaneously: not only has it shown to deliver a

comparable PCE B 21% to silicon but can also be printed on

flexible substrates and even made semi-transparent. These

features make PSCs very attractive for commercial deployment.

There still remain, however, concerns over its stability as

described in the previous section.

A realistic figure for industrial costs for PSCs is hard to

estimate at present with no installed facility for large scale

manufacturing. However, as the PSCs device architecture

and fabrication processes are similar to those of the DSCs

and OPVs, particularly those made on flexible substrates and

employing a scaffold layer, the costs associated to most of the

materials and manufacturing processes of PSCs are conceivably

similar. Unlike OPVs and DSCs, PSCs can be made in many

different architectures (mesoporous, planar, meso-superstructured,

HTM free, ETL free etc.) and with at least four perovskite synthesis

techniques (single step, double step, dual source evaporation

and temperature assisted vacuum evaporation). In Table 6 we

present an estimated cost analysis using the most commonly

employed device architecture, i.e., employing a TiO2 scaffold

layer and also widely adopted fabrication methods of solution

processing (single or double step fabrication). The reason of

this selection is twofold: the device architecture and the methods

have delivered PCE 415% (on glass) by numerous groups

worldwide and certified efficiencies are also reported using these

two architectures (mesoporous and planar). The cost of a photo-

voltaic technology is usually given in $ per WP, which includes

the manufacturing cost of solar modules (materials, processing

and capital investment) and is a parameter usually used to

compare cost of various types of solar modules. Table 6 lists

cost breakdown of materials, manufacturing processes, labor,

capital investments, and other overhead cost for flexible vs. rigid

PSCs according to the references.54,204–207 The cost of electrical

support system and site preparation is typically equal to module

cost per WP of PVs (1 : 1).
208 A major share (40–50%) of the total

manufacturing cost of PSCs arises from their passive compo-

nents (sealants, packaging and electrical interconnections). As

the sealing of flexible devices requires more precision, the sealant

cost for these (3.25–3.75$ per m2) is anticipated to be higher

than that of their glass based counterparts (2.75$ per m2).54,206

In fact, this estimation assumes a relatively simple encap-

sulation but if more complex multi-layer ultra-high per-

meation barriers are required then these can increase

significantly (although they should be kept below 15–20% of

total device cost). Among the active materials, substrates con-

tribute the most to the manufacturing cost, i.e., B40%, B36%

andB8% for ITO coated glass, PET/PEN andmetallic substrates,

Table 6 Estimates for costs of perovskite solar modules. Values are taken from ref. 205 if not stated otherwise. The values in the table are those for the

best case low estimates

Description

Glass substrates Flexible substrates Metallic substrates

Research
scale $ per m2

Cost MW
($ per m2)

Research
scale $ per m2

Cost MW
($ per m2)

Research
scale $ per m2

Cost MW
($ per m2)

Substrates 14 10 9a 6b 2c 1
TiO2 layer 0.2 0.06 0.2 0.06 0.2 0.06
Perovskite 1.33 0.44 1.33 0.44 1.33 0.44
HTM 1.5 0.49 1.5 0.49 1.5 0.49
Back contact 1.5 0.49 1.5 0.49 1.5 0.49
Solvents 8.9 2.95 8.9 2.95 8.9 2.95
Sealants 3d 2.5b 4d 3.25b 4.5e 3.75b

Encapsulating materials 5d 4 0.5e 0.05 0.5e 0.05
Electrical interconnections N/A 2.9206 N/A 2.954 N/A 2.9206

Total material cost 23.83 16.14 12.13

Capital investment N/A 3.33f 2.47f,g 3.3f

Overhead cost 13.8206 10.3g 13.8
Labor cost 6206 4.6g 6
Total manufacturing cost 46.49 34.28 35.23

Cell yield 90%
Manufacturing cost for cell yield 51.13h 37.71h 38.75h

Module cost in $ per WP (PCE B5%) 1.02i 0.75i 0.77i

Module cost in $ per WP (PCE 10%) 0.51i 0.38i 0.39i

Module cost in $ per WP (PCE 15%) 0.34i 0.25i 0.26i

a Cost of flexible substrates (PET/PEN) isB30% lower than conducting glass substrates (ref. 54). b Cost reduction factor from ref. 205 is used when
transforming research scale to MWs. c Cost of metallic substrates (Ti/Al) is B90% lower than conducting glass substrates (ref. 54). d Ref. 206 and
ref. 54. e Price is taken from Alibaba for plastic rolls for lamination and encapsulation.204 f Taken from ref. 54 and 206 and a report of 20 MW
production of dye-sensitized solar cells (ref. 207). As the number of steps involved in organic solar cells and PSCs are similar and also almost all
manufacturing equipment, we assume similar capital investment for both. g Preparation of flexible devices avoids twice sintering of electron
transport and hole blocking layers and thereby avoids two steps out of total eight steps required for a typical glass based PSC (substrates
preparation, printing of hole blocking layer, m-TiO2 layer and subsequent sintering, deposition of perovskite, HTM, evaporation of back contact,
electrical connections, sealing and packaging). We therefore used a factor 6/8 � (x) for the calculation of overhead cost and labor in case of flexible
devices. h 46.49 � 1.1 = 51.13. i (51.13$)/(1000 WP � efficiency). The formula is adopted from ref. 206.
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respectively and future cost reduction largely depends on the

reduction of substrates price. A reduction in labor cost is also

anticipated for flexible PSCs on PET/PEN as they can be made

via roll-to-roll processing at low temperature and avoid dual

sintering process at higher temperature B450 1C for compact

and mesoporous layer which is employed for glass based

counterparts.

It is also interesting to estimate the levelized cost of energy

(LCOE) which includes both cost per WP and balance of

system cost (BOS, solar panel installation, framing and elec-

trical supporting units such as invertors, wiring, storage if the

PV installation is off-grid, maintenance, and licensing etc.)

and can be simply expressed as, LCOE = Sum of cost over PV

lifetime/sum of electricity produced over lifetime.13 While cost

per WP is based on the maximum achievable output of PV

installation, LCOE provides information based on the actual

attainable power during a certain time (capacity factor) mak-

ing it a more reliable measure for comparison.208 To achieve a

lower LCOE of PVs to match grid parity (o$0.05 kW h),13 not

only the cost per WP should be reduced but also, more

importantly, the high efficiency of the modules over device

lifetime should also remain stable (i.e. lifetime is very

important). It is noteworthy that f-PSCs may offer additional

cost-reduction during installation as they may not require

intensive framing and mechanical support; however, the life-

time of 420 years will remain a challenging task. Although it

is hard to calculate the LCOE of the PSCs at the moment as no

commercial deployment is reported so far, a general under-

standing (for any PV technology) is that, if the total cost is

lower than 1$ per WP (0.5$ for module and 0.5$ for installa-

tion) and assuming anticipated lifetimes 420 years, the

LCOE can reach B0.5$ kW h to meet grid parity (assuming

high illumination conditions).13 The manufacturing cost of

flexible PSCs can be estimated to go well below 0.5$ per WP

(0.4–0.25$ per WP) considering 10–15% efficient devices,

(Table 6); however, concerns overs their shorter lifetime

should be addressed in order to achieve low LCOE targets

and the efficiencies at the large-area module scale need also

significant improvements. The installation cost will also

depend on price of electrical support system and energy

storage system (in case of off-grid applications).208 Flexible

PSC modules although providing lower PCEs compared to

glass based counterparts, can potentially entail lower installa-

tion costs as they can be integrated as BIPVs and other

integrated applications easily. However, a key challenge is

their stable performance over time as LCOE strongly depends on

the device lifetime, i.e., decreases with increasing device lifetime.

Apart from consideration on cost $ per WP we have outlined above,

it is worth noting that it is likely that PSCs in their flexible formwill

initially find their way into powering electronic products18,82,209,210

indoors/outdoors (high estimated efficiencies, of up to B23–27%

on glass-based devices, have been recently obtained under indoor

artificial lighting in planar,211 mesoscopic212 and even flexible213

perovskite cells) rather than (or as well as) large scale deployment

outdoors so that cost considerations need to be applied and

tailored for these different applications.

12.2. Life cycle analysis

The two main issues that have been discussed as potential

roadblocks to a near future deployment of PSCs, despite the

rapid progress made, are their operational stability and the

content of lead even if it is rather minuscule per m2. The most

successful PSCs so far are made of CH3NH3PbX3 (where X = Cl, I,

Br) or with mixed formamidinium-methylammonium cations. It

thus becomes important to investigate the potential risks asso-

ciated to the health and environment related to Pb content.214,215

There has been much discussion about replacing Pb with other

elements such as Sn to overcome the potential toxicity and

environmental impacts. However whereas efficiencies above

20% have been reported for CH3NH3PbX3 based cells, those

incorporating tin instead of lead have achieved a maximum

PCE of 6.4%216 with significant question marks over stability. A

recent life-cycle analysis of lead and tin based PSCs by Serrano-

Lujan et al.214 discerns many disadvantages related to the latter.

Not only the fact that tin metal is 6.3 times more expensive than

lead, but, from the life-cycle perspective, the environmental

impacts caused by tin based PSCs (accounting material extrac-

tion and device fabrication) produced on a functional scale

(1 kW h) were estimated to be nearly double to that of lead

based PSCs. This is due to the fact that the PCE of former is only

one-third of the latter and it requires 3 times larger areas to

produce 1 kW h of energy. This leads to higher resource

utilization for tin-based PSCs and thereby 9.4 kg kW�1 h�1 CO2

emission, almost double than that for lead based PSCs. Assuming

conservatively a 10% efficient commercial f-PSCs module then it

would require B80 cm2 to produce 1 kW h compared toB48 cm2

for a 15% efficient glass based counterpart (at 1 sun conditions).

Thus, it becomes clear that to fully utilize the potential advantages

relating to environmental impacts of both tin based PSCs and f-

PSCs one needs to further improve their PCE and stability.

The environmental impacts (EI) of PV technology can be

classified in three categories: (i) toxicity (cancer, non-cancer

and human health), (ii) fresh water contamination, and (iii)

resource depletion.215 These include not only material extrac-

tion, resource utilization during manufacturing of PVs and the

impact during lifetime but also the life-cycle during or after

disposal via landfill or incineration. In term of resource deple-

tion, f-PSCs offer advantages over glass based counterparts

reducing EI by B40% (mainly by reduction in energy required

for ETL annealing and FTO/ITO substrates heating/cleaning)214

and also during re-cycling, thus reducing CO2 footprint. How-

ever, the f-PSCs, if land-filled, are reported to have 5 times higher

impact (human toxicity, fresh water and marine eutrophication)

than if incinerated,214 primarily due to presence of lead. On the

other hand, if incinerated, the environmental impacts caused by

PET alone are estimated to cover a large percentage of fresh

water ecotoxicity (97%) and of human toxicity (noncancer

effects). Also important to note that the economic benefits from

lead recovery are almost negligible as in a typical device, lead

accounts for B0.55% of total material,214 although the amount

is slightly higher than the allowed limit set by European restric-

tion on hazardous substances.217 This demands for efficient
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strategies not only during manufacturing process to yield highly

efficient flexible devices but also more efficient ways for their

recycling and encapsulation during lifetime so as to avoid their

potential surplus risks. More research needs to be carried out in

this arena as well as liaising with appropriate institutions and

stakeholders.

13. A perspective on publications and
patents covering flexible perovskite
solar cells

The PCE of PSCs has increased dramatically since 2009 owing

to a remarkable growth in research activities worldwide as

Fig. 10 (a) Number of publications on perovskite solar cells (bar graph) and their maximum power conversion efficiency (PCE, represented by the star

symbol), (b) number of patents published on three types of PSCs (flexible, low temperature and on rigid substrates) over past 6 years, and (c) statistical

comparative analysis of research publications for flexible vs. all perovskite solar cells published between 2009 and 15 March 2016. Publication data taken

from Scopus. (d) The figure is drawn from data taken from Scopus database (30 October 2015) and presents a statistical analysis of publication in PSCs

and DSCs (rigid substrates (R) vs. flexible (f) and high temperature vs. low temperature (LT)), and (f) Top assignees for rigid or glass based PSCs. Top

assignees for f-PSCs and LT-PSCs are given in ESI† (Fig. S7).
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witness the number of papers published each year in the field

(see Fig. 10a). At the same time, industrial efforts to transform

PSCs from a laboratory technology to one ready for commercial

deployment have also led to a growing number of patents

published (see Fig. 10b). The rising bar charts show how much

interest is being focused both academically and industrially in

this field.

13.1. Patent trends in PSCs and f-PSCs

We carried out a patent search employing ‘Patsnap’, a database

that gathers intellectual property information from various

major patent organizations such as the European Patent Office

(EPO) and the World Intellectual Property Organization (WIPO).

Although, the keywords used, i.e., ‘‘perovskite solar cells

(PSCs)’’, ‘‘low temperature perovskite solar cells (LT-PSCs)’’

and ‘‘flexible perovskite solar cells (f-PSCs)’’ revealed B721

hits for ‘PSCs’, 580 for ‘LT-PSCs’ and over 100 for f-PSCs a

precise screening of the patent list narrowed the numbers to

108, 69 and 22, respectively. The ‘LT-PSCs’ includes devices

made on rigid conducting substrates (ITO or FTO) using low

temperature processing (T o 150 1C) and thereby can also

potentially be transferred to conducing plastic substrates.

Unlike DSCs, where the ratio of patent hits for flexible/low

temperature vs. rigid is very low (1 : 21), statistics in Fig. 10(d)

show that this ratio for PSCs is significantly higher (1 : 15). It is

likely that this strong industrial interest is primarily due to the

fact that ‘LT-PSCs’ and ‘f-PSCs’ have delivered high PCEs of

B15% and B15.6%57 at standard test conditions, respectively,

(significantly higher compared to DSCs and OPV counterparts)

thereby offering strong appeal for industrial competitiveness at

the efficiency level. The patents statistics also reveal notable

commercial interests worldwide as a great number of patents in

all three categories (PSCs, ‘f-PSCs’, and ‘LT-PSCs’) have been

published by the industrial sector from Europe, United States

and Asia (Fig. 10e and Fig. S7, ESI†).

Among the patents filed on f-PSCs the focus has been mainly

on both the active materials such as perovskite, ETL and HTM

layers and their low temperature processing on conducting

flexible substrates such as polyethylene terephthalate (PET),

polyethersulfone (PES), polyethylene naphthalate (PEN) or poly-

carbonate (PC).218,219 On the other hand, the focus of patents

on LT-PSCs has mostly been on low temperature processing

primarily on rigid glass substrates.

13.2. Publication trends in PSCs and f-PSCs

Fig. 10c shows a statistical analysis of PSCs vs. f-PSCs (papers

published on flexible substrates only with respect to all paper

published on PSCs), drawn based on data taken from Scopus

(dated 15 March 2016) using key words ‘perovskite solar cells’

and ‘flexible perovskite solar cells or perovskite solar cells AND

flexible’. While the former revealed a total of 1602 documents

published in PSCs, the latter showed an emerging trend in

f-SPCs only after 2013 with a total of 105 documents published

so far using flexible substrates. For PSCs, the largest number of

documents have been published from China (493) followed by

United States (315), South Korea (161), United Kingdom (126),

Japan (121), and Switzerland (119) (graph not shown). The

trends for f-PSCs are nearly the same except that Germany

replaces Switzerland for 6th place (China 40, USA 23, S, Korea

17, UK 7, Japan 5 and Germany 4). The statistics show a fair

distribution of research activities spread across the globe. Since

high PCE values (15.6%),57 together with the first reports on

flexible modules108 and stability investigations102 for f-PSCs

have only started to be published very recently, research is likely

to trend upwards rapidly over time thereby making this a very

interesting area for research.

14. Conclusion and outlook

Perovskite solar cells have attracted huge interest because they

are able to combine the benefits of high efficiency and remark-

able ease of processing over large areas. Perovskite deposition

and synthesis is carried out at low temperatures to convert

precursors into its final semiconducting form (o150 1C). Most

of the development of this technology has occurred on glass,

especially initially, due to some of the other layers requiring

high temperatures and growing reproducibly high quality films

on different substrates (e.g. PET/ITO). Research however has

been accelerating in the flexible arena and in a short time

flexible PSCs have achieved remarkable milestones. For exam-

ple, PCEs of 15.4–15.6%,57 and 11.0%124 have already been

obtained on a conducting plastic substrates and metal foils

respectively. Several TCO-free architectures have demonstrated

that the PSC structure is highly flexible. Furthermore, the use of

ultrathin PET substrates coupled with a flexible electrode were

instrumental in producing a stretchable and ultralight PSC

with a very high power per gram ratio of 23 W g�1, a record

for PV devices.132 Moreover, elastic cells based on titanium

fiber coil have been demonstrated, allowing the realization of

stretchable fabrics made with PSCs.161

For the n–i–p architecture with the ETL at the bottom,

notable performance has been demonstrated both with ALD,

sputtering and with different solution processed ETLs such as

TiO2, ZnO and ZnSnO4 nanoparticles.55 The development of

similar approaches, based on nanoparticle dispersions, should

be encouraged also for the HTM processing with a view to

improve stability. In the case of p–i–n architecture with the

ETL, the use of polymers as extraction layers makes these seem

easier to print over larger areas with PCBM strongly limiting

the hysteresis effect. More investigations are encouraged in

comparing these two architectures both on power conversion

efficiency and stability to understand in more depth the pros

and cons relating to both.

Besides the positive achievements already demonstrated,

like the first rigid module manufactured,173 the route to a large

area production of PSC is still long and presents a series of

challenges. Large area techniques need to be adapted for all the

layers used in the PSC, without compromising high efficiency.

Perovskite processing might not be the biggest issue in

terms of available techniques, since slot-die coating has already

demonstrated maintaining a high PCE, especially on glass.112
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However, the solvents used at this stage are not very compatible

with large production volumes and green alternatives are to be

sought. Another arena that requires more investigation is the top

electrode. If there are no requirements for transparency, ad hoc

carbon paste might be a low cost and efficient alternative to

expensive metals such as gold deposited by vacuum techniques,

as already demonstrated on rigid and flexible substrate.68,110 On

the other hand, if a transparent top contact is needed, the use of

well-established techniques for TCO deposition or lamination of

conductive foils should be further tested in terms of stability and

application over larger areas. A more in depth analysis on the

pros and cons of vacuum techniques vs. solution processing in

terms of performance and costs and compatibility with R-2-R

processing should be investigated and presented clearly.

The biggest questionmark that always remains for photovoltaic

technologies (and in general optoelectronic) developed on a

flexible transparent substrate is stability. This is due to the fact

that common polymer substrates are permeable to ingress of

moisture and oxygen. As historically has been the case for other

technologies, investigations on degradation and stability have

lagged behind those on optimization of device efficiency. However,

recently a number of studies have appeared both on analysis of

degradation mechanisms and the use of encapsulants. Further

work needs to be carried out in this area which is crucial for

industrialization. For example, Heliatek uses R-2-R production for

their organic photovoltaic devices and encapsulate them with

barrier film, then applying them to different surfaces like steel,

PVC membrane and concrete or in between glass panes.86 This

shows on the one hand the strong benefits for R-2-R production on

plastic but also that much interdisciplinary work needs to be

carried out to improve the cost/performance of flexible encapsula-

tion as well as focusing on finding active material alternatives

(e.g. news perovskites, HTLs, ETLs and contacts) and especially

their combination which are inherently more stable to photo-

oxidation and more impervious to moisture. Some limitations due

to the nature of the substrate itself have also to be overcome. The

low temperature ITO itself might be an issue in long term

operation of PSC, since some preliminary tests have shown

ITO-induced degradation of the perovskite layer.108 Further studies

have to be carried out in order to better understand the compat-

ibility of PSC with this kind of TCO.

Even if there are still several milestones yet to achieve,

flexible PSCs have disruptive potential in PV applications,

thanks to the low cost and low embedded energy of the

materials used and the high device efficiencies. With respect

to glass-based counterparts, the use of R2R production can

further decrease the cost making this device more attractive for

the market. Finally, the flexibility and even the stretchability of

these devices pave the way for new applications in portable and

lightweight self-powered devices.
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